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Abstract
Objective: We aimed to investigate mutation-specific white matter (WM)
integrity changes in presymptomatic and symptomatic mutation carriers of the
C9orf72, MAPT, and GRN mutations by use of diffusion-weighted imaging
within the Genetic Frontotemporal dementia Initiative (GENFI) study.
Methods: One hundred and forty mutation carriers (54 C9orf72, 30 MAPT, 56
GRN), 104 presymptomatic and 36 symptomatic, and 115 noncarriers under-
went 3T diffusion tensor imaging. Linear mixed effects models were used to
examine the association between diffusion parameters and years from estimated
symptom onset in C9orf72, MAPT, and GRN mutation carriers versus noncarri-
ers. Post hoc analyses were performed on presymptomatic mutation carriers
only, as well as left–right asymmetry analyses on GRN mutation carriers versus
ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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noncarriers. Results: Diffusion changes in C9orf72 mutation carriers are present
significantly earlier than both MAPT and GRN mutation carriers – characteristi-
cally in the posterior thalamic radiation and more posteriorly located tracts
(e.g., splenium of the corpus callosum, posterior corona radiata), as early as
30 years before estimated symptom onset. MAPT mutation carriers showed
early involvement of the uncinate fasciculus and cingulum, sparing the internal
capsule, whereas involvement of the anterior and posterior internal capsule was
found in GRN. Restricting analyses to presymptomatic mutation carriers only,
similar – albeit less extensive – patterns were found: posteriorly located WM
tracts (e.g., posterior thalamic radiation, splenium of the corpus callosum, pos-
terior corona radiata) in presymptomatic C9orf72, the uncinate fasciculus in
presymptomatic MAPT, and the internal capsule (anterior and posterior limbs)
in presymptomatic GRN mutation carriers. In GRN, most tracts showed signifi-
cant left–right differences in one or more diffusion parameter, with the most
consistent results being found in the UF, EC, RPIC, and ALIC. Interpretation:
This study demonstrates the presence of early and widespread WM integrity
loss in presymptomatic FTD, and suggests a clear genotypic “fingerprint.” Our
findings corroborate the notion of FTD as a network-based disease, where
changes in connectivity are some of the earliest detectable features, and identify
diffusion tensor imaging as a potential neuroimaging biomarker for disease-
tracking and -staging in presymptomatic to early-stage familial FTD.
Introduction
Genetic FTD with an autosomal dominant inheritance
pattern has a heterogeneous clinical profile, including
behavioral variant FTD (bvFTD) and primary progressive
aphasia (PPA). The Chromosome 9 open reading frame 72
(C9orf72) repeat expansion, and mutations in the micro-
tubule-associated protein tau (MAPT) and progranulin
(GRN) genes are the three most common causes of famil-
ial FTD.1–3 At-risk subjects within the presymptomatic
stage allow a unique time-window into the earliest disease
stages of FTD, important for diagnostic improvement and
the development of robust and sensitive biomarkers.4,5
The Genetic Frontotemporal dementia Initiative (GENFI)
is a longitudinal cohort study of familial FTD across Eur-
ope and Canada, investigating carriers of the C9orf72,
MAPT, or GRN mutations and their healthy first-degree
relatives. Cross-sectional analyses on volumetric MR
images in GENFI demonstrated frontotemporal gray mat-
ter (GM) volume loss from 10 years before estimated
symptom onset, confirming that the disease process pre-
cedes the clinical onset by several years in familial FTD.6
White matter (WM) alterations, as measured by diffu-
sion tensor imaging (DTI) are found to be early and
widespread in the symptomatic phase of FTD, extending
beyond the zones of GM atrophy,7–9 with distinct profiles
in clinical and genetic subtypes.7,10–14 The pattern of WM
integrity loss includes the uncinate fasciculus (UF), cingu-
lum, (anterior) corpus callosum, fornix, superior and
inferior longitudinal fasciculi, thalamic radiation, and
corona radiata.7,12,14–16 Also, previous studies in presymp-
tomatic FTD caused by GRN and MAPT mutations
demonstrated, respectively, lower integrity of the UF,17,18
and inferior frontooccipital fasciculus,17 whereas studies
into presymptomatic C9orf72 have shown more inconsis-
tent results.19–21 This underlines that, although a promis-
ing candidate, larger studies are needed in order to
validate DTI as a neuroimaging biomarker for presymp-
tomatic FTD.
In this study, we compared baseline DTI parameters
between mutation carriers and noncarriers in families
with autosomal dominant FTD caused by C9orf72, MAPT,
and GRN mutations within the GENFI consortium.6 We
hypothesized that the three different pathogenic groups
have distinct profiles, with increasing WM integrity loss
when moving from the presymptomatic to early symp-
tomatic stage.
Methods
Participants
Within the second GENFI data freeze,6 365 participants
from genetically confirmed FTD families with either a
C9orf72 repeat expansion, MAPT, or GRN pathogenic
mutation were recruited from 13 research centers between
January 30, 2012 and May 4, 2015. Six participants did
not have MR imaging performed, and were therefore
excluded. To improve data homogeneity, we excluded
images from 1.5T scanners (n = 50). All images were
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subjected to strict visual quality control, which led to 54
participants being excluded from further analysis, mainly
due to motion and artifacts. The final sample consisted of
255 subjects, of which 140 were mutation carriers (54
C9orf72, 30 MAPT, 56 GRN) and 115 were non-carriers
(see Fig. 1 for the sample flowchart).
Standard protocol approvals, registrations,
and patient consents
Written informed consent was obtained from all partici-
pants at study enrolment. The study was approved by the
local Medical and Ethical Review committees at each
research site. DNA genotyping was performed locally at
each research site. We defined a pathogenic repeat expan-
sion in C9orf72 as more than 30 repeats.22 If presymp-
tomatic participants had not undergone predictive testing,
the clinical investigators were blinded to their genetic
status.
Clinical assessment
All participants underwent a standardized clinical assess-
ment consisting of a medical and family history, neuro-
logical examination, neuropsychological testing, and MR
imaging of the brain. We determined clinical status
according to established diagnostic criteria,23,24 based on
this assessment and information from a structured inter-
view with knowledgeable informants. The interview con-
sisted of questions regarding behavioral, neuropsychiatric,
cognitive, (instrumental) activities of daily living, motor,
and autonomic symptoms. Furthermore, we quantitatively
measured functional and/or behavioral changes by means
of the Cambridge Behavioural Inventory Revised (CBI-
R).25 Global cognition was assessed by means of the
Mini-Mental State Examination (MMSE).26
DTI acquisition and (pre)processing
We performed 3T diffusion-weighted and volumetric T1-
weighted MRI. Scanning was performed on MRI scanners
from five vendors, see Data S2 for an overview of the
number of participants and research sites per vendor, and
scan parameters. In case diffusion-weighted images con-
sisted of multiple acquisitions, NifTI files were merged
within the FMRIB Software Library (FSL, v5.0.4)27; bvec
and bval files were concatenated within MATLAB
(v2012a). Diffusion-weighted images were then prepro-
cessed and analyzed using a combination of tools from
DTI-TK (http://dti-tk.sourceforge.net) and NiftyPipe
(http://cmictig.cs.ucl.ac.uk/wiki/index.php/NiftyPipe) soft-
ware packages.28 In short, diffusion images were corrected
for motion and eddy-current via an affine coregistration
between the diffusion-weighted image to the average b0
image. Images were also corrected for susceptibility via
phase unwrapping.29 Diffusion tensor volumes were spa-
tially normalized to a population-specific tensor template
with DTI-TK.30,31 The structural T1-weighted image was
used for reference space. To restrict analyses to brain
matter and improve registration, we applied a subject
specific binary T1 brain mask image, created by means of
the Neuromorphometrics protocol.32,33 We extracted dif-
fusion parameters (fractional anisotropy [FA], mean
[MD], radial [DR], and axial diffusivity [AxD]) in WM
Figure 1. Overview of participant in- and exclusion. A total of 365 subjects were eligible for study participation. Six subjects did not undergo MRI
scanning, and were therefore excluded. Only 3T scans were considered; therefore, 1.5T (n = 34) scans were first excluded from further analysis.
Visual quality control of the images resulted in exclusion of another 54 images, leading to a final dataset of 255 subjects (115 noncarriers (“nc”),
104 presymptomatic mutation carriers, 36 symptomatic carriers.
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regions-of-interest (ROI) from the John Hopkins Univer-
sity (JHU) atlas34 using FSL,27 and selected the following
tracts: uncinate fasciculus (UF); superior longitudinal fas-
ciculus (SLF); cingulum, sagittal stratum; posterior thala-
mic radiation (PTR); anterior (ACR), posterior (PCR),
and superior (SCR) corona radiata; external capsule (EC);
anterior (ALIC), and posterior limb (PLIC); and retrolen-
ticular part (RPIC) of the internal capsule; and genu,
body, and splenium of the corpus callosum (respectively,
gCC, bCC, and sCC). Left and right values were averaged
to obtain one value per tract.
Statistical analysis
Data analysis was carried out using STATA (version 14.2;
College Station, TX: StataCorp LP), with the significance
level set at P < 0.05 (two-tailed) across all comparisons.
Each participant’s age at baseline was subtracted from the
average age at onset of symptoms in their family to estimate
the years to estimated symptom onset (EYO).6 EYO, and
not actual onset age, was also used in symptomatic muta-
tion carriers in order to provide a common time scale for
the analysis. Age at baseline, estimated age at symptom
onset, years from estimated symptom onset, and years of
education were compared between groups by means of lin-
ear regression analyses. Logistic regression was used to
investigate differences in sex, and scores on the CBI-R and
MMSE. Robust standard errors were used to account for
clustering by family. We used linear mixed effects models
to examine whether the association between diffusion
parameters and EYO differed between each mutation car-
rier group (C9orf72, MAPT, and GRN) and noncarriers. A
random intercept for family was included, allowing diffu-
sion parameters to be correlated between members of the
same family rather than assuming independence. All analy-
ses were adjusted for sex and research site. To allow for
nonlinear change in each diffusion parameter, we used a
restricted cubic spline35 for EYO. The spline terms for EYO
were included as predictors in the model, along with the
interactions between each spline term for EYO and indica-
tor variables for mutation carrier group (C9orf72, MAPT,
and GRN). The spline modeling approach was chosen to
allow a complex pattern of association with EYO, for exam-
ple, FA might increase and then later on become lower. The
knots were placed at -20, 5, and +7 years relative to
expected onset to ensure that each group had a least five
participants before the last knot point and after the final
knot point, with the middle point splitting the remaining
participants into groups of approximately equal sizes. Post
hoc, we reran the abovementioned analyses in presymp-
tomatic mutation carriers only (with knots at 20, 10,
and 0 EYO). We also investigated left–right differences in
GRN by calculating the asymmetry in each WM tract as
absolute difference in diffusion parameter (left–right)/
mean diffusion parameter. As asymmetry values were
skewed, we modeled them as a natural log (ln(Asymmetry)
– but for easier interpretation, we presented the results after
exponentiation giving geometric means and ratios of geo-
metric means between groups. As with previous analyses,
we used a mixed effect model allowing for clustering by
family and with spline terms for years to estimated symp-
tom onset (knots at 20, 5, and +7 EYO).
For each model, we conducted a hypothesis test of
whether the mean value of the diffusion parameter differed
between each mutation carrier group (C9orf72, MAPT, and
GRN) compared to noncarriers. This was a joint Wald test
of the indicator variable for the mutation carrier group of
interest and its interactions with the spline terms for EYO.
Therefore, for the primary analysis, 60 tests were conducted
to compare each mutation carrier group to noncarriers (15
tracts * 4 diffusion parameters). No formal correction was
made for multiple comparisons, as diffusion measures were
not independent. From each model, we also predicted the
mean value of the diffusion parameter for each group, and
the differences between each mutation carrier group and
noncarriers every year between 30 years before estimated
onset and 10 years after estimated onset. We conducted a
sensitivity analysis to examine the impact of outliers on the
findings on association between diffusion parameters and
EYO. The linear mixed effects model described above was
repeated for each diffusion parameter in each tract after
excluding any participants with model residuals more than
three standard deviations away from the predicted mean in
the initial analysis.
Results
Demographic and clinical data
Demographic and clinical data are shown in Table 1.
DNA genotyping assigned participants either to the muta-
tion carrier (n = 140; 54 from C9orf72 families, 30 from
MAPT families, and 56 from GRN families) or noncarrier
(n = 115; 37 C9orf72, 14 MAPT, 64 GRN) group. Hun-
dred and four participants were presymptomatic (17
MAPT, 52 GRN, 35 C9orf72), and 36 were symptomatic
(19 C9orf72, 13 MAPT, 4 GRN). The estimated age at
onset was lower in MAPT mutation carriers than both
GRN and C9orf72 mutation carriers (both P < 0.001). All
three mutation carrier groups had significantly lower
MMSE scores than noncarriers (C9orf72 P < 0.001, GRN
P = 0.006, MAPT P = 0.004). CBI-R scores were signifi-
cantly higher in MAPT and C9orf72 mutation carriers
compared to noncarriers (both P < 0.001), and compared
to GRN mutation carriers (MAPT P = 0.002, C9orf72
P = 0.003). There were no significant differences regarding
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sex, age, years from estimated symptom onset, or educa-
tion. Table 2 provides an overview of the distribution of
symptomatic and presymptomatic mutation carriers and
noncarriers across EYO. There was one mutation carrier
(C9orf72) who became symptomatic before their estimated
onset age (between 10 and 5 EYO). Nineteen presymp-
tomatic mutation carriers (4 C9orf72, 3 MAPT, 12 GRN)
were past their estimated onset age.
C9orf72 mutation carriers
Analyses of all symptomatic and presymptomatic C9orf72
repeat expansion carriers demonstrated significant
presymptomatic differences across all WM tracts and dif-
fusion metrics (Table 3, Fig. 2A). The earliest presymp-
tomatic changes – between 30 and 20 years before
estimated onset – were seen in the PTR, PCR, RPIC, sCC,
and gCC, followed by the UF and cingulum. In the last
decade prior to estimated onset, significant differences
were also found in the bCC, PLIC, EC, SCR, sagittal stra-
tum, and SLF. Surprisingly, in the ALIC, the diffusivity
values in repeat expansion carriers became more similar to
those of noncarriers, and did not differ significantly dur-
ing an intermediate period from respectively 20–10 years
before estimated symptom onset. See Data S3 for means,
mean differences, and P-values per year before estimated
onset. Post hoc analyses on only presymptomatic expan-
sion carriers demonstrated similar – albeit less extensive –
patterns of WM integrity loss, with the earliest and most
consistent differences found in the posterior WM tracts,
for example, PTR, sCC, PCR (Data S4A). In the late
presymptomatic stage the internal capsule (RPIC, ALIC,
PLIC) also became involved (Data S4A).
MAPT mutation carriers
Analyses of all symptomatic and presymptomatic MAPT
mutation carriers had significant differences from noncar-
riers across several WM tracts (Table 3, Fig. 2B). There
was very early involvement of the UF: higher diffusivity
was found between 30 and 20 years before estimated
symptom onset, and again from 3 years before estimated
Table 1. Demographic and clinical data.
Mutation carriers (n = 140) Noncarriers (n = 115) P-value
Female 75 (53.6) 73 (63.5) 0.100
Age (years) 50.1  12.9 49.4  13.3 0.682
Mutated gene
C9orf72 54 (38.6) 37 (32.3) –
MAPT 30 (21.4) 14 (12.2) –
GRN 56 (40.0) 64 (55.7) –
Clinical status
Presymptomatic 104 (74.3) 115 (100) –
Symptomatic 36 (25.7) 0 (0) –
Estimated age at onset 57.2  6.5 59.3  7.1 0.066
Years from estimated onset 7.1  12.6 9.9  14.4 0.193
Education (years) 13.8  3.2 14.0  3.2 0.637
MMSE 28.1  2.8 29.3  1.0 <0.001
CBI-R 19.7  33.0 3.1  5.4 <0.001
Mutation carriers C9orf72 MAPT GRN P-value1
Female 27 (50) 14 (46.7) 34 (60.7) 0.254
Age 50.6  14.0 47.4  12.7 51.0  11.8 0.549
Clinical status
Presymptomatic 35 (33.7) 17 (16.3) 52 (50) –
Symptomatic 19 (52.8) 13 (36.1) 4 (11.1) –
Estimated age at onset 58.3  6.9 51.0  6.0 59.5  3.9 <0.001
Years from estimated onset 7.7  13.7 3.6  12.0 8.5  11.6 0.244
Education (years) 14.0  3.1 13.0  4.0 14.2  2.9 0.668
MMSE 27.8  2.9 27.8  3.7 28.6  2.0 <0.001
CBI-R 26.3  36.5 33.2  40.0 6.1  16.8 <0.001
Values indicate: count (percentage) or mean  standard deviation.
C9orf72, chromosome 9 open reading frame 72; MAPT, microtubule-associated protein tau; GRN, progranulin; MMSE, Mini-Mental State Exami-
nation; CBI-R, Cambridge Behavioural Inventory – Revised.
1Represents overall P-value for comparison of noncarriers, C9orf72, MAPT, and GRN mutation carriers.
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symptom onset. Somewhat inconsistent findings were
demonstrated for the SLF, cingulum, and SCR: all three
tracts had a presymptomatic time-window in which FA
was increased, while diffusivity values were decreased.
After estimated symptom onset, mutation carriers also
had changes in the PCR, ACR, sagittal stratum, PTR, EC,
and corpus callosum (gCC, bCC, and sCC). There was
weaker evidence for differences in the RPIC, PLIC, and
ALIC, and even 10 years postonset values did not show
consistent differences compared with noncarriers. See
Data S3 for means, mean differences, and P-values per
year before estimated onset. Post hoc analyses on
presymptomatic mutation carriers only confirm the early
involvement of the UF: AxD changes are found between
30 and 24 years before estimated symptom onset, fol-
lowed by changes in FA, MD, and RD shortly before or
around estimated symptom onset (Data S4B). Further-
more, early presymptomatic changes were also found in
the cingulum, SLF, and SCR. After estimated symptom
onset, the internal capsule (ALIC and PLIC) also demon-
strated diffusivity changes (Data S4B).
GRN mutation carriers
Analyses of all symptomatic and presymptomatic GRN
mutation carriers had significant differences from noncar-
riers across a relatively limited number of WM tracts
(Table 3, Fig 2C). The strongest evidence for differences
were in the PLIC, ALIC, PCR, SCR, sCC, SLF, and cingu-
lum. The most consistent presymptomatic WM integrity
changes were in the ALIC and PLIC, which showed sig-
nificant differences from noncarriers from 10 years before
estimated onset. Early presymptomatic changes were also
found in the sCC, but differences only remained signifi-
cant up to 4 years postonset. The SLF and SCR showed
differences from 1 to 2 years before estimated onset, fol-
lowed by the cingulum and PCR only after estimated
onset. The overall test comparing GRN mutation carriers
to noncarriers did not show evidence for WM integrity
changes in UF, sagittal stratum, PTR, ACR, RPIC, bCC,
and gCC. It was particularly notable that even 10 years
after estimated onset, the diffusivity values of the sagittal
stratum, RPIC, ACR, and PTR were not significantly dif-
ferent between mutation carriers and noncarriers. See
Data S3 for means, mean differences, and P-values per
year before estimated onset. Post hoc analyses on only
presymptomatic mutation carriers showed consistent dif-
fusivity changes in the internal capsule (ALIC and PLIC)
alone (Data S4C).
We additionally investigated left–right differences
between GRN mutation carriers and noncarriers. In most
tracts significant left–right differences were found between
groups in one or more diffusion parameters (Data S5).
The most consistent results were found in the UF, EC,
RPIC, and ALIC (Data S5). Asymmetry in the UF was
mostly present in the early presymptomatic stage (30 to
+1 EYO), while the EC, RPIC, and ALIC demonstrated
asymmetry across the entire EYO range for different dif-
fusion parameters (Data S6). Interestingly, the four tracts
demonstrated different patterns over time (Data S6). The
UF showed less asymmetry with disease progression, while
a sharp postonset increase was seen for the ALIC. In the
EC a U-shape pattern was visible, with first a decrease in
asymmetry in the early presymptomatic stage, followed by
an increase from around 5 EYO. The RPIC demon-
strated an inverse U-shape, with first more asymmetry in
Table 2. Distribution of C9orf72, GRN, and MAPT symptomatic mutation carriers, presymptomatic mutation carriers, and noncarriers across esti-
mated years to onset.
Mutation
EYO
<25 25 to 20 20 to 15 15 to 10 10 to 5 5 to 0 0 to +5 +5 to +10 +10
C9orf72
Symptomatic 0 0 0 0 1 0 5 11 2
Presymptomatic 6 4 8 8 2 3 1 2 1
Noncarriers 7 4 4 5 4 4 2 4 3
MAPT
Symptomatic 0 0 0 0 0 0 4 7 2
Presymptomatic 1 3 4 2 3 1 2 1 0
Noncarriers 0 1 2 4 2 0 1 2 2
GRN
Symptomatic 0 0 0 0 0 0 4 0 0
Presymptomatic 6 4 5 7 9 9 4 8 0
Noncarriers 10 5 8 1 9 12 12 5 2
EYO, estimated years to symptom onset; C9orf72, chromosome 9 open reading frame 72; MAPT, microtubule-associated protein tau; GRN,
progranulin.
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the early presymptomatic stage, followed by a decrease
from around 5 EYO.
Sensitivity analysis
The number of outliers that were excluded for the sensi-
tivity analysis depended on the tract and DTI parameter,
with a maximum of five outliers. Findings were compara-
ble once these outliers were excluded. For the C9orf72
mutation carriers significant differences with noncarriers
were apparent in all WM tracts. These differences
remained apparent up to 30 years before estimated symp-
tom onset. In MAPT mutation carriers there remained
differences in the WM tracts that were previously identi-
fied and the same pattern remained with early involve-
ment of the UF. For GRN mutation carriers consistent
differences were still detected in the same WM tracts with
the earliest differences seen in the ALIC and PLIC.
Discussion
This study describes WM integrity changes by means of
DTI in mutation carriers and noncarriers from families
with autosomal dominant FTD due to mutations in
C9orf72, MAPT, and GRN, within the GENFI consortium.
Early WM involvement was found in mutation carriers,
with specific genetic patterns for the C9orf72, MAPT, and
GRN mutations. Our study suggests spreading WM integ-
rity loss toward symptom onset, highlighting the value of
DTI as disease-tracking and -staging biomarker in familial
FTD.
Table 3. P-values for difference in diffusion parameters between
mutation carriers and noncarriers.
Table 3. Continued.
Colors indicate statistical significance, ranging from white (nonsignifi-
cant) to red (significant P ≤ 0.001).
C9orf72, chromosome 9 open reading frame 72; MAPT, microtubule-
associated protein tau; GRN, progranulin; UF, uncinate fasciculus; SLF,
superior longitudinal fasciculus; PTR, posterior thalamic radiation; PCR,
posterior corona radiata; SCR, superior corona radiata; ACR, anterior
corona radiata; EC, external capsule, RPIC, retrolenticular part of the
internal capsule; PLIC, posterior limb of the internal capsule; ALIC,
anterior limb of the internal capsule; sCC, splenium of the corpus cal-
losum; bCC, body of the corpus callosum; gCC, genu of the corpus
callosum.
(Continued)
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The pattern of WM integrity changes in the early
presymptomatic stage shows large resemblance to the
regions known to be affected in both familial7,12,15,16 and
sporadic11,36–39 symptomatic FTD. Furthermore, although
the cohort was somewhat different, the damage to the
WM seems to be earlier and more widespread than the
GM volume loss found earlier in GENFI,6 a finding con-
sistent with previous work in presymptomatic familial17,18
and sporadic FTD.11,36–39 More WM tracts appear to be
involved in this study compared to previous studies of
presymptomatic familial FTD.17–21 An explanation for this
more extensive involvement may be sought in our larger
sample size (more power to detect small differences, and
covering a broader presymptomatic period) and the use
of all four diffusion parameters, compared to FA only in
previous studies. The additional three diffusivity parame-
ters appeared to be more sensitive than FA, and may pro-
vide more accurate measures of the effect and extent of
the WM integrity changes in the presymptomatic phase.
The most interesting findings are the gene-specific “fin-
gerprints” of WM integrity loss in C9orf72, MAPT, and
GRN mutation carriers. Restricting our analyses to
presymptomatic mutation carriers confirmed these find-
ings. In C9orf72, specifically the more posteriorly located
tracts, such as the PTR, PCR, and sCC, are affected. The
PTR demonstrates the earliest changes already 30 years
before estimated onset – suggesting that damage might be
present even before that. This is in line with earlier find-
ings in the GENFI cohort showing GM volume loss of
the thalamus and posterior cortical areas from 25 years
before estimated onset.6 The similar pattern and timing
of WM pathology seems consistent with the long-standing
and slowly progressive symptomatic changes often seen in
this mutation,40,41 and coherent with the hypothesis of a
developmental origin in C9orf72-associated FTD.6 In both
MAPT and GRN, WM changes have been consistently
found later than in C9orf72. The observation of presymp-
tomatic changes in the UF and cingulum in MAPT muta-
tion carriers is consistent with smaller series of
presymptomatic18 and symptomatic carriers,7,42 and con-
gruent with tracts affected in bvFTD, the most common
clinical phenotype of MAPT.43 We could not confirm
greater WM damage in the SLF in symptomatic cases
with underlying FTD-tau than FTD-TDP (e.g., GRN or
C9orf72) found in a previous study,14 suggesting that this
difference might occur later in the disease process or
resembles a phenotypic rather than genotypic origin.13,14
We could not explain the remarkable finding of DTI
changes into the opposite direction in the SLF, SCR, cin-
gulum between 30 and 16 years before EYO, and lar-
ger samples and follow-up data (longitudinal changes
within an individual) are needed to investigate whether
the pattern is of pathophysiological or methodological
nature. Recent literature provides evidence of WM
involvement in GRN-related FTD,44,45 though on the con-
trary in our GRN mutation carriers few tracts were
affected, and integrity loss was generally closer to esti-
mated symptom onset than early presymptomatic. Previ-
ous studies demonstrated lower FA in the UF of
presymptomatic GRN mutation carriers,17,18 and we did
find lower FA in the presymptomatic period, but no dif-
ferences in the symptomatic stage or in other diffusion
parameters. One potential explanation for this discrep-
ancy could be the large variation in age at onset within
GRN families,46 making the estimated age at onset less
reliable than in the other mutations. Another point for
consideration here is the potential masking of effects by
taking the mean value per WM tract, given the asymmet-
ric neuroimaging phenotype of GRN.47
Left–right asymmetry was present in most WM tracts
of GRN mutation carriers, with the most consistent asym-
metry being found in the UF, EC, RPIC, and ALIC. These
results not only demonstrate that some tracts are more
vulnerable to disproportionate WM integrity loss than
others (e.g., no asymmetry in the corona radiata), but
also that the development of asymmetry has a different
timing and pattern in various WM tracts. In line with
previous neuroimaging research, showing more asymme-
try with disease progression in symptomatic GRN muta-
tion carriers,48 we found a sharp increase in asymmetry
after estimated symptom onset in the ALIC, whereas the
inverse was seen in the UF. Rohrer et al.6 found greater
whole brain GM asymmetry in presymptomatic GRN
mutation carriers starting 5 years before estimated symp-
tom onset. Also in our study the 5 EYO seems to be a
critical time point in the development of WM asymmetry,
Figure 2. Gene-specific differences in WM integrity between mutation carriers and noncarriers between minus 30 years before estimated onset until
10 years postestimated onset. Schematic overview of mean diffusion differences between noncarriers and C9orf72 (A), MAPT (B) and GRN mutation
carriers (C) between minus 30 years before estimated symptom onset and plus 10 years after estimated onset (x-axis), each row represents a different
WM tract (y-axis). Blue = where the difference between mutation carriers and noncarriers is negative; green = where the difference between mutation
carriers and noncarriers is positive. NB: for FA, blue represents lower FA (=lower WM integrity) in mutation carriers than in noncarriers; for MD, RD, and
AxD, green represents higher parameters (=lower WM integrity) in mutation carriers than in noncarriers. UF, uncinate fasciculus; SLF, superior
longitudinal fasciculus; Sag.Stra., sagittal stratum; PTR, posterior thalamic radiation; PCR, posterior corona radiata; SCR, superior corona radiata; ACR,
anterior corona radiata; EC, external capsule; RPIC, retrolenticular part of the internal capsule; PLIC, posterior limb of the internal capsule; ALIC, anterior
limb of the internal capsule; sCC, splenium of the corpus callosum; bCC, body of the corpus callosum; gCC, genu of the corpus callosum.
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with the EC demonstrating more asymmetry and the
RPIC showing less asymmetry after 5 EYO. More
research using longitudinal data is needed to investigate
the development of asymmetry over time in more detail.
The development of sensitive biomarkers for diagnosis,
for example, differentiation between clinical, genetic, or
pathological subtypes, and staging purposes is one of the
main challenges in presymptomatic FTD, as future thera-
peutic interventions ideally start in the unique time-win-
dow of minimal pathological damage. Although the
identification of “upstream” biomarkers is essential for the
development of therapeutic trials, the connectivity corre-
lates of FTD pathophysiological processes were thus far
unknown for the presymptomatic stage.13 Our results
demonstrate the potential application of DTI as a future
diagnostic and staging biomarker – providing evidence of
very early presymptomatic alterations as well as consistent
WM integrity loss when moving from the late presymp-
tomatic into the early symptomatic stage. Also, mutation-
specific profiles for C9orf72, MAPT, and GRN suggest the
potential of DTI in pathology-specific clinical trials. In
contrast to FA reductions as a measure of WM integrity
loss in previous studies,49 diffusivity measures (MD, RD,
AxD) reflected early WM alterations much more sensi-
tively. This is consistent with a previous study into the
clinical subtypes of FTD,50 supporting the notion that FA
does not capture the full extent of WM pathology, and the
four metrics signify different underlying processes with
disease progression. As a next step, postmortem studies are
needed to increase our understanding of the histopatho-
logical representation of WM changes in relationship with
markers of demyelination, neuroinflammation, neuronal
loss, and underlying pathology. Furthermore, to use DTI
in clinical practice, more research is needed on the transla-
tion of our group-based results to the individual patient
level. Larger studies are also needed to differentiate patho-
logical subtypes in individual patients.51 Lastly, as neurofil-
ament light chain is thought to be a sensitive marker of
axonal damage, and therefore could be associated with
DTI,52 it would be interesting to investigate this biomarker
further in this cohort.
Key strengths of our study constitute the large sample of
FTD mutation carriers and noncarriers. Our study
describes the presymptomatic to early symptomatic stage
of familial FTD in a long time trajectory of 40 years, with
only a single symptomatic mutation carrier (C9orf72)
before their estimated onset age. Therefore, the influence of
this symptomatic mutation carrier is most likely very mini-
mal. With respect to preprocessing, registration was
improved by computing the image similarity on the basis
of full tensor images rather than scalar features, in which
the algorithm incorporates local fiber orientations as fea-
tures driving the alignment of individual WM tracts. The
use of only 3T images, extensive data control after each
preprocessing step, and our sensitivity analysis further
ascertained data homogeneity. In the pilot phase of GENFI,
more variable DTI acquisition parameters and protocols
(e.g., use of field and phase maps) were used, introducing a
source of bias to the data. Now in the second phase of
GENFI, scan protocols have been fully harmonized, so that
from 2015 onwards we are building on a much more con-
sistent dataset. Exploring the involvement of corticospinal
tracts, as recent research demonstrated early damage in
C9orf72-associated ALS,19 bvFTD, and PPA,50 would be a
very informative next step. Other future directions include
the investigation of DTI as a longitudinal neuroimaging
biomarker and its potential role in multimodal and com-
posite scores in presymptomatic FTD.
Our study provides evidence of global and gene-specific
WM integrity loss as an early pathological feature of
presymptomatic familial FTD, making DTI a promising
diagnostic and staging neuroimaging biomarker that in
the future could be used in upcoming clinical trials for
familial FTD.
Acknowledgments
We thank the study participants and their families for tak-
ing part in the GENFI study. The Erasmus Medical Center
was supported by Dioraphte Foundation grant 09-02-03-
00, the Association for Frontotemporal Dementias
Research Grant 2009, The Netherlands Organization for
Scientific Research (NWO) grant HCMI 056-13-018, Alz-
heimer Nederland and Memorabel ZonMw grant
733050102 (Deltaplan Dementie), the EU Joint Pro-
gramme – Neurodegenerative Disease Research (JPND)
and the Netherlands Organization for Health Research and
Development (PreFrontALS) grant 733051042, and the
Bluefield Project. This work was funded by the UK Medical
Research Council, the Italian Ministry of Health, and the
Canadian Institutes of Health Research as part of Centres
of Excellence in Neurodegeneration Grant. The Dementia
Research Centre is supported by Alzheimer’s Research UK,
Brain Research Trust, and The Wolfson Foundation. This
work was supported by the NIHR Queen Square Dementia
Biomedical Research Unit, the NIHR UCL/H Biomedical
Research Centre, and the Leonard Wolfson Experimental
Neurology Centre (LWENC) Clinical Research Facility.
This work was supported by the MRC UK GENFI grant
(MR/M023664/1). JDR is supported by an MRC Clinician
Scientist Fellowship (MR/M008525/1) and has received
funding from the NIHR Rare Disease Translational
Research Collaboration (BRC149/NS/MH). LHM is sup-
ported by Alzheimer Nederland (WE.09-2014-04). SARBR
is supported by Vici grant number 016-130-677. JBR was
supported by the Wellcome Trust (#103838).
1034 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
DTI in Presymptomatic Familial FTD L. C. Jiskoot et al.
Author Contributions
LCJ drafted the body of the manuscript, tables, and fig-
ures. MB contributed to the statistical analyses. JDR con-
tributed to the design of the study, data interpretation,
and the writing process. JMN performed the statistical
analyses and contributed to the writing process. JMP and
JvS contributed to data interpretation and the writing pro-
cess. RvM, SM, ER, HT, LB, GB, and BN did the genetic
analyses. All authors recruited patients, collected data, and
contributed by reviewing and editing of the manuscript.
Conflicts of Interest
The authors report no conflict of interest with respect to
the work in the manuscript.
References
1. Snowden JS, Pickering-Brown SM, Mackenzie IR, et al.
Progranulin gene mutations associated with
frontotemporal dementia and progressive non-fluent
aphasia. Brain 2006;129:3091–3102.
2. Seelaar H, Rohrer JD, Pijnenburg YA, et al. Clinical,
genetic and pathological heterogeneity of frontotemporal
dementia: a review. J Neurol Neurosurg Psychiatry
2011;82:476–486.
3. Warren JD, Rohrer JD, Rossor MN. Clinical review.
Frontotemporal dementia. BMJ 2013;347:f4827.
4. Rabinovici GD, Boeve BF. Imaging prodromal FTD: seeing the
future through PET crystals. Neurology 2013;81:1282–1283.
5. Rohrer JD, Warren JD, Fox NC, et al. Presymptomatic
studies in genetic frontotemporal dementia. Rev Neurol
2013;169:820–824.
6. Rohrer JD, Nicholas JM, Cash DM, et al. Presymptomatic
cognitive and neuroanatomical changes in genetic
frontotemporal dementia in the Genetic Frontotemporal
dementia Initiative (GENFI) study: a cross-sectional
analysis. Lancet Neurol 2015;14:253–262.
7. Mahoney CJ, Ridgway GR, Malone IB, et al. Profiles of
white matter tract pathology in frontotemporal dementia.
Hum Brain Mapp 2014;35:4163–4179.
8. Borroni B, Brambati SM, Agosti C, et al. Evidence of white
matter changes on diffusion tensor imaging in
frontotemporal dementia. Arch Neurol 2007;64:246–251.
9. Matsuo K, Mizuno T, Yamada K, et al. Cerebral white
matter damage in frontotemporal dementia assessed by
diffusion tensor tractography. Neuroradiology
2008;50:605–611.
10. Whitwell JL, Avula R, Senjem ML, et al. Gray and white
matter water diffusion in the syndromic variants of
frontotemporal dementia. Neurology 2010;74:1279–1287.
11. Zhang Y, Tartaglia MC, Schuff N, et al. MRI signatures of
brain macrostructural atrophy and microstructural
degradation in frontotemporal lobar degeneration
subtypes. J Alzheimers Dis 2013;33:431–444.
12. Powers JP, Massimo L, McMillan CT, et al. White matter
disease contributes to apathy and disinhibition in
behavioral variant frontotemporal dementia. Cogn Behav
Neurol 2014;27:206–214.
13. Pievani M, Filippini N, van den Heuvel MP, et al. Brain
connectivity in neurodegenerative diseases – from phenotype
to proteinopathy. Nat Rev Neurol 2014;10:620–633.
14. McMillan CT, Irwin DJ, Avants BB, et al. White matter
imaging helps dissociate tau from TDP-43 in
frontotemporal lobar degeneration. J Neurol Neurosurg
Psychiatry 2013;84:949–955.
15. Santillo AF, Martensson J, Lindberg O, et al. Diffusion
tensor tractography versus volumetric imaging in the
diagnosis of behavioral variant frontotemporal dementia.
PLoS ONE 2013;8:e66932.
16. Lu PH, Lee GJ, Shapira J, et al. Regional differences in
white matter breakdown between frontotemporal dementia
and early-onset Alzheimer’s disease. J Alzheimers Dis
2014;39:261–269.
17. Borroni B, Alberici A, Premi E, et al. Brain magnetic
resonance imaging structural changes in a pedigree of
asymptomatic progranulin mutation carriers. Rejuvenation
Res 2008;11:585–595.
18. Dopper EG, Rombouts SA, Jiskoot LC, et al. Structural
and functional brain connectivity in presymptomatic
familial frontotemporal dementia. Neurology 2014;83:
e19–e26.
19. Walhout R, Schmidt R, Westeneng H, et al. Brain
morphologic changes in asymptomatic C9orf72 repeat
expansion carriers. Neurology 2015;85:1780–1788.
20. Papma JM, Jiskoot LC, Panman JL, et al. Cognition and
gray and white matter characteristics of presymptomatic
C9orf72 repeat expansion. Neurology 2017;89:1256–1264.
21. Lee SE, Sias AC, Mandelli ML, et al. Network
degeneration and dysfunction in presymptomatic C9orf72
expansion carriers. NeuroImage: Clinical 2017;14:286–
297.
22. Rohrer JD, Isaacs AM, Mizielinska S, et al. C9orf72
expansions in frontotemporal dementia and amyotrophic
lateral sclerosis. Lancet Neurol 2015;14:291–301.
23. Rascovsky K, Hodges JR, Knopman D, et al. Sensitivity
of revised diagnostic criteria for the behavioural
variant of frontotemporal dementia. Brain
2011;134:2456–2477.
24. Gorno-Tempini ML, Hillis AE, Weintraub S, et al.
Classification of primary progressive aphasia and its
variants. Neurology 2011;76:1006–1014.
25. Mioshi E, Hsieh S, Savage S, et al. Clinical staging and
disease progression in frontotemporal dementia.
Neurology 2010;74:1591–1597.
26. Folstein MF, Folstein SE, McHugh PR. “Mini-mental
state”. A practical method for grading the cognitive state
ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 1035
L. C. Jiskoot et al. DTI in Presymptomatic Familial FTD
of patients for the clinician. J Psychiatr Res 1975;12:189–
198.
27. Jenkinson M. FSL. NeuroImage 2012;62:782–790.
28. Wang Y, Gupta A, Liu Z, et al. DTI registration in atlas
based fiber analyses of infantile Krabbe disease.
NeuroImage 2011;55:1577–1586.
29. Daga P, Pendse T, Modat M, et al. Susceptibility artefact
correction using dynamic graphs cuts: application to
neurosurgery. Med Image Anal 2014;18:1132–1142.
30. Zhang Y, Schuff N, Jahng GH, et al. Diffusion tensor
imaging of cingulum fibers in mild cognitive impairment
and Alzheimer disease. Neurology 2007;68:13–19.
31. Zhang Y, Schuff N, Du AT, et al. White matter damage in
frontotemporal dementia and Alzheimer’s disease
measured by diffusion MRI. Brain 2009;132:2579–2592.
32. Neuromorphmetrics, Inc. Segmentation Protocols. Jan 16,
2007. Available at: http://www.neuromorphometrics.org
(Accessed June 6, 2016).
33. Cardoso MJ, Wolz R, Modat M, et al. Geodesic
information flows. Med Image Comput Comput Assist
Interv 2012;15:262–270.
34. Wakana S, Caprihan A, Panzenboeck MM, et al.
Reproducibility of quantitative tractography methods
applied to cerebral white matter. NeuroImage
2007;36:630–644.
35. Desquilbet L, Mariotti F. Dose-response analyses using
restricted cubic spline functions in public health research.
Stat Med 2010;29:1037–1057.
36. Schwindt GC, Graham NL, Rochon E, et al. Whole-brain
white matter disruption in semantic and nonfluent
variants of primary progressive aphasia. Hum Brain Mapp
2013;34:973–984.
37. Mahoney CJ, Malone IB, Ridgway GR, et al. White matter
tract signatures of the progressive aphasias. Neurobiol
Aging 2013;34:1687–1699.
38. Agosta F, Henry RG, Migliaccio R, et al. Language
networks in semantic dementia. Brain 2010;133:286–299.
39. Agosta F, Scola E, Canu E, et al. White matter damage in
frontotemporal lobar degeneration spectrum. Cereb Cortex
2012;22:2705–2714.
40. Khan BK, Yokoyama JS, Takada LT, et al. Atypical, slowly
progressive behavioural variant frontotemporal dementia
associated with C9ORF72 hexanucleotide expansion. J
Neurol Neurosurg Psychiatry 2012;83:358–364.
41. Suhonen NM, Kaivorinne AL, Moilanen V, et al. Slowly
progressive frontotemporal lobar degeneration casued by
the C9ORF72 repeat expansion: a 20-year follow-up study.
Neurocase 2015;21:85–89.
42. Mahoney CJ, Simpson IJ, Nicolas JM, et al. Longitudinal
diffusion tensor imaging in frontotemporal dementia. Ann
Neurol 2015;77:33–46.
43. Rohrer JD, Warren JD. Phenotypic signatures of genetic
frontotemporal dementia. Curr Opin Neurol 2011;24:542–
549.
44. Caroppo P, Le Ber I, Camuzat A, et al. Extensive white
matter involvement in patients with frontotemporal lobar
degeneration. JAMA Neurol 2014;71:1562–1566.
45. Ameur F, Colliot O, Caroppo P, et al. White matter
lesions in FTLD: distinct phenotypes characterize GRN
and C9orf72 mutations. Neurol Genet 2016;2:e47.
46. van Swieten JC, Heutink P. Mutations in progranulin
(GRN) within the spectrum of clinical and pathological
phenotypes of frontotemporal dementia. Lancet Neurol
2008;7:965–974.
47. Whitwell JL, Xu J, Mandrekar J, et al. Frontal asymmetry
in behavioral variant FTD: clinicoimaging & pathogenetic
correlates. Neurobiol Aging 2013;34:636–639.
48. Rohrer JD, Ridgway GR, Modat M, et al. Distinct profiles
of brain atrophy in frontotemporal lobar degeneration
caused by progranulin and tau mutations. NeuroImage
2010;53:1070–1076.
49. Acosta-Cabronero J, Williams GB, Pengas G, et al. Absolute
diffusivities define the landscape of white matter
degeneration in Alzheimer’s Disease. Brain 2010;133:529–539.
50. Lam BYK, Halliday GM, Irish M, et al. Longitudinal white
matter changes in frontotemporal dementia subtypes.
Hum Brain Mapp 2014;35:3547–3557.
51. Omer T, Finegan E, Hutchinson S, et al. Neuroimaging
patterns along the ALS-FTD spectrum: a multiparametric
imaging study. Amyotroph Lateral Scler Frontotemporal
Degener 2017;18:1–13.
52. Meeter LH, Dopper EGP, Jiskoot LC, et al. Neurofilament
light chain: a biomarker for genetic frontotemporal
dementia. Ann Clin Transl Neurol 2016;3:623–636.
Supporting Information
Additional Supporting Information may be found online
in the supporting information section at the end of the
article.
Data S1. GENFI consortium members.
Data S2. Overview of MRI scanners and scan parameters.
Data S3. Whole-group and gene-specific WM diffusion
differences between mutation carriers and noncarriers
(raw values).
Data S4. Gene-specific differences in WM integrity in
presymptomatic mutation carriers only.
Data S5. Left–right asymmetry P-values for GRN muta-
tion carriers versus noncarriers.
Data S6. Ratio values across estimated years to symptom
onset in GRN mutation carriers versus noncarriers.
1036 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
DTI in Presymptomatic Familial FTD L. C. Jiskoot et al.
